). 60 % of Cr(VI) are reduced after 3 h of visible light illumination and the photoactivity follows a first-order kinetic with a half-life of 70 min. The water reduction competes with the HCrO 4 -reduction which is the reason in the regression of the photoactivity; a hydrogen evolution rate of 24 lmol mg -1 h -1 is obtained.
Introduction
Solar energy-assisted catalysis on semiconductor materials continue to draw a great interest for the scientific community (Pekakis et al. 2006; Meng et al. 2007; Yaron 2010) . It is now well admitted that the photocatalysis is an environmentally friendly alternative able to replace the conventional methods for the water treatment, particularly for low pollutants concentrations (Gumy et al. 2006; Lydakis-Simantiris et al. 2010; Robert and Malato 2002) . The activity is untimely dependent on the material and its preparation (Ning et al. 2010; Lifeng et al. 2009 ) and semiconductors (SCs) employed for such applications are classified into two categories: (1) those characterized by a wide band gap such as TiO 2 and SrTiO 3 which have the advantage of high stability toward the photocorrosion and can be polyvalent in regard to the large panel of applications (Shouai et al. 2008; Jiawen et al. 2011; Chen and Chen 2011) . This last aspect is attributed to the electronic bands which are generally of anionic and cationic character, respectively, for the valence (VB) and conduction (CB) bands. However, they absorb only the UV light (k \ 380 nm) and are of little practical use in regard to solar emission, which contain *5 % of UV irradiation, (2) the second class includes narrow band gap SCs such as CuO and WS 2 which absorb visible light and are attractive for the solar energy conversion (Bessekhouad et al. 2004; Brahimi et al. 2008; Dengwei and Liejin 2007) . Unfortunately, this type of SCs is subjected to photocorrosion and is challenged to be stabilized in aqueous electrolytes. The best performance requires a compromise between a negative flat band potential (V fb ), a small optical gap (Eg) and a chemical stability.
In this regard, new classes of materials with delafossite ''CuBO 2 '' and spinel ''CuB 2 O 4 '' structures have been identified to be promising for the photocatalytic applications (Bessekhouad et al. 2003; Bessekhouad and Trari 2002) , B denotes a transition metal. They are successfully applied to generate hydrogen and/or to reduce inorganic pollutants to less harmful forms (Brahimi et al. 2007; Trari et al. 2006 ). However, their performances remain moderate and suffer from a loss of charge carriers by recombination and low carrier mobility due to the narrow width of d orbital. Noble metals such Pt, Ag and RuO 2 are commonly used to prevent the charge carrier recombination by acting as electron accumulators which facilitate the electron transfer owing to their low over-voltages (Soonhyun and Soo-Keun 2009; Lou et al. 2011; Socha et al. 2006 ). However, these materials are costly but can be easily recovered after use. It is well established now that the photoreduction yield strongly depends on the morphology of the catalyst and large surface areas with nano-sized crystallites are desirable. Accordingly, the oxides are elaborated by chemical routes to decrease the path the electrons have to diffuse to reach the interface.
On the other hand, the photocatalysis is actively applied on single oxides where the yields remain relatively low. In this respect, many hetero-junctions coupling narrow and wide band gap SCs have been developed (Bessekhouad et al. 2004; Brahimi et al. 2008; Dengwei and Liejin 2007; Helaïli et al. 2010) . The synergy between the properties of each group of materials results in an increase of the performance of composite SCs under illumination. Nevertheless, this strategy can only be efficient if the properties of the narrow band gap SC which acts as photosensitizer are specific.
The aim of this work is to study the physico-chemical properties of the spinel ZnFe 2 O 4 to be used in conjunction with TiO 2 (anatase variety). TiO 2 , indispensable for the charge transfer, provides a bridge between the photoelectrons in ZnFe 2 O 4 -CB and chromate. Sacrificial agent must be used to preclude the accumulation of photoholes on semiconductor particles. Exploiting the stabilizing properties of oxalic acid, we have achieved an efficient Cr(VI) photoreduction on the hetero-junction ZnFe 2 O 4 /TiO 2 . It is helpful to mention that no reaction occurs between oxalic acid and chromate at low concentrations. 4 in methanol/ethanol solution with a molar ratio 1:1:10 according to the method described elsewhere (Bessekhouad et al. 2004 ). The solution is maintained at 75°C for 3 h after which water is added dropwise into the hot solution. After gelling, the sample is dried and heat-treated at 400°C (2 h). The temperature is accurately controlled to prevent the irreversible transition to the rutile phase, less active photocatalytically.
Experimental Materials preparation

Characterization methods and photoactivity
The phases are identified by X-ray diffraction (XRD) using a Philips diffractometer with a monochromated Cu K a radiation (k = 1.5405 Å ) in the 2h range (20°-100°). The crystallite size (D) is evaluated from the full width at halfmaximum B (FWHM) using the relation {D = 0.94 k (B cosh) -1 }. FTIR analysis is made by mixing ZnFe 2 O 4 (*2 %) with spectroscopic grade KBr. The reflectance diffuse spectra are recorded with a Cary 500 UV-Visible spectrophotometer attached to an integrated sphere; BaSO 4 is used as a reference.
The electrical conductivity ZnFe 2 O 4 is measured by the two-terminal method, ZnFe 2 O 4 is used in the form of sintered pellets (compactness *75 %). The thermo-power S (=DV/DT) is determined with a home made equipment. The pellets are electroded with silver paint and enrobed in close fitting glass holders with epoxy resin, leaving a surface of 0.5 cm 2 . Electrochemical measurements are carried out in H 2 SO 4 (0.1 M) electrolyte using a ''three electrode device'': ZnFe 2 O 4 , a large platinum counter electrode and a saturated calomel electrode (SCE). The current density (J) versus potential (V) is recorded with a PGZ 301 potentiostat (Radiometer analytical). The band edges of the oxides are determined from the capacitance measurements at a frequency of 10 kHz. The electrochemical impedance spectroscopy (EIS) is studied at the open circuit potential (OCP = ?0.236 V) using small amplitude sine wave with a frequency analyzer in the range (10 -2 -10 5 Hz). The photocatalytic experiments are done in a doublewalled borosilicate reactor connected to a thermostated bath allowing a temperature control (25 ± 0.5°C). The powder (50 mg) of the mixture (ZnFe 2 O 4 /TiO 2 ) at various percentages is dispersed by magnetic agitation in 50 mL of solution (HCrO 4 -? OA, pH *3). The chrono-potentiometric profile is measured in the working solution using Pt (Tacussel) as indicator electrode. The mixture is maintained in the dark overnight and irradiated with a tungsten lamp (200 W), providing an intensity of 8.3 mW cm -2 . The aliquots are withdrawn at regular time intervals and subjected to a vigorous centrifugation (3000 rpm, 10 min) to separate the solid particles. The progress of the Cr(VI) reduction is followed by plotting the spectra with a UVVisible spectrophotometer (Shimadzu 1800, k max = 350 -nm). CO 2 -free distilled water is used in all experiments.
Results and discussion Characterization
The nitrate route provides a homogeneous morphology and prevents the formation of segregated phases which act as carrier traps, thereby causing a decrease of the photoactivity. The end product exhibits a brown color, the XRD pattern ( Fig. 1) (Lahmar et al. 2012) while the band at 1630 cm -1 is due to water when the oxide is handled in air.
The diffuse reflectance (Fig. 3) is used to determine the optical properties of ZnFe 2 O 4 . The gap is obtained from the plot (ahm) n versus hm where n takes the value 1/2 or 2, respectively, for indirect and direct optical transitions, a being the optical absorption coefficient. The extrapolation of the linear part of (ahm) 2 intercepts the hm axis at 1.97 eV and the transition is directly allowed (Fig. 3, inset) . The thermal dependence of the electrical conductivity of ZnFe 2 O 4 (Fig. 4) is characteristic of a semi-conducting behavior. The data are fitted by an exponential law r = r 0 exp (-E a /RT), r 0 is the pre-exponential factor. The linearization of this equation gives activation energy (E a ) of 0.22 eV, suggesting that the conduction occurs by thermal activation of the carrier density. The thermo-power (S) is less sensitive to grain boundaries and likely corresponds to the bulk properties. It is positive over the entire temperature range (Fig. 5) which indicates that the majority carriers are holes and confirms a conduction mechanism by small polaron hopping through mixed iron valences. The thermal dependence of S is consistent with non-degenerate conductivity and its value implies a density of the order of magnitude of *10 20 cm -3 (see below). The position of the electronic bands and their widths are imposed by the crystal structure which plays indubitably a crucial role in the photo-electrochemical (PEC) conversion. The flat band potential (V fb ) is determined under the operating conditions using the Mott-Schottky relation: The potential V fb (0.361 V) is obtained from the extrapolation of the plot to C 2 = 0 (Fig. 6 ) while the linear part (C 2 -V) indicates a holes density N A (3 9 10 19 cm -3 ) characteristic of moderately doped SC with a broad depletion width d (480 nm):
The difference (V -V fb *0.4 V), used for the calculation of d, represents the optimal band bending at the interface which prevents the recombination of electron/hole (e -/h ? ) pairs. The potential V fb outlines the energetic position of ZnFe 2 O 4 -VB with respect to vacuum:
pH pzzp is the point of zero zeta potential (=7.30). VB is located at 5.3 ± 0.1 eV, a value close to that obtained for iso-structural spinel (Bessekhouad and Trari 2002) . This is attractive in the fact that VB is made up of 3d orbital, which decreases the optical gap while maintaining the advantage of a high reducing ability of ZnFe 2 O 4 -CB. Indeed, the oxygen crystal field splits the orbital Fe 3? : 3d 6 (high spin) by *2 eV; the transition is of d-d characteristic and involves lower and upper bands of 3d orbital.
Photoactivity
A correlation exists between the physico-chemical properties of the spinels and the photoactivity (Nyquist and Kagel 1978) . The spinels are small polaron SCs with a low carrier mobility (*10 -6 cm 2 V -1 s -1 ) 21 due to the narrow of 3d orbital, not exceeding 2 eV. Accordingly, the PEC performance should be improved by decreasing the crystallite size until it becomes comparable with the diffusion length of the minority carriers. Hence, it is attractive to The heterogeneous charge transfer occurs iso-energetically between the semi conductor and redox couple. However, for the junction ZnFe 2 O 4 /HCrO 4 -, the difference (E CB -E red ) is large (*1.4 V) for a direct electron exchange and the chromate reduction does not take place (zero photoactivity). In this regard, the hetero-systems have attracted a great attention for favoring the charges separation and harvesting the sunlight and the choice of the wide band gap SC is of primary importance for an acceptable yield. TiO 2 is excited by UV radiation, ruling out the exploitation of the visible light and this makes it unattractive for the solar energy conversion (Kezzim et al. 2011) . With an attempt to extend the spectral response toward the visible region and to minimize the loss of (e -/ h ? ) pairs, the configuration p-ZnFe 2 O 4 /n-TiO 2 is considered. The physical and PEC characterisations permit to draw the energy diagram (Fig. 7) which predicts from a thermodynamic point of view whether the HCrO 4 -reduction occurs or not. The photoelectrons react with HCrO 4 -via TiO 2 interfacial mechanism. ZnFe 2 O 4 -CB made up of 3d orbital is pH insensitive while TiO 2 -CB changes usually by 0.06 V pH -1 . We have taken advantage of this property and in acidic medium (pH *3) the bands are appropriately adjusted to have an optimal band bending. HCrO 4 -is the dominant specie at low pHs due to the acidity constant (CrO 4 2-? H 2 O ? HCrO 4 -? OH -, pK a = 6.5). It is generally an accepted view that the heterogeneous charge transfer involves an adsorption, a precondition for the photocatalysis and before the photocatalytic test, the solution is maintained in the dark overnight. The HCrO 4 -adsorption on TiO 2 is pH dependent; it follows an anionic type law and is pronounced below pzzp (=6.80), i.e., the pH for which the surface charge of TiO 2 is zero and where the adsorption of OH -and H 3 O ? balance each other. Per against, in basic medium, the negative charge electrostatically hinders the access of chromate to TiO 2 .
It is worthwhile to outline that no reaction between chromate and oxalic acid occurs since no change in the UV spectrum is observed. Hence, any change in the Cr(VI) concentration is attributed to the photocatalytic process. Figure 8 shows the chrono-potentiometric profile of the powder suspension under illumination, the potential goes to cathodic values, indicating that the reduction of HCrO 4 -takes place. The process starts by the photoactivation of the sensitizer ZnFe 2 O 4 upon visible light which results in the generation of (e -/h ? ) pairs. The charge carriers are separated by the electrical field developed at the interface ZnFe 2 O 4 /TiO 2 ; electrons are injected into TiO 2 -CB and subsequently transferred to adsorbed HCrO 4 -. In this configuration, the reduction of HCrO 4
-takes place at the solid interface TiO 2 /electrolyte while the oxidation of oxalic acid occurs concomitantly on ZnFe 2 O 4 :
The presence of oxalic acid precludes the undesirable corrosion, and favors the charge separation (Sapoval and Hermann 2003) . Due to the energy difference between the corresponding conduction bands of both SC s , an electromotive force is generated, thus inducing an acceleration of the electrons transfer with a diffusion potential (V D ) given by:
The optimal ratio between the photons collector ''ZnFe 2 O 4 '' and the electrons acceptor ''TiO 2 '' is investigated (Fig. 9 ) and the best performance occurs for ZnFe 2 O 4 /TiO 2 : 75 %/25 with a potential V D of 0.67 V. ZnFe 2 O 4 governs the efficiency and catalyzes the downhill reaction (DG°= -557 kcal mol -1 ):
Figure 10a compares the UV-Visible spectra of chromate solutions over illumination time. The decay in absorbance at 350 nm is due to a decrease of HCrO 4 -concentration since no change has been observed in the dark. The absence of additional peak in the spectrum of 4-h illuminated solution is due to the adsorption of Cr 3? and which should appear at 300 nm. The plot log (HCrO 4 -)-time indicates a first-order reaction with a half-life of 70 min (Fig. 10b) . The tendency to saturation observed over time (Fig. 10b, inset ) cannot be explained on the basis of optical reasons. Indeed, the absorption of HCrO -solution at low concentration is weak in the visible region; only 5 % of light is absorbed for 1-cm path at 540 nm for 100 ppm. Accordingly, the bending over the curve beyond *150 min is due to water reduction. This question has already been examined by some of us (Nyquist and Kagel 1978) . The HCrO -reduction takes The electrochemical impedance spectroscopy (EIS) correlates the photocatalytic performance to the morphology of the material and brings insights on the interfacial mechanisms; it is used to quantify the contributions of the bulk and grains boundaries at the junction ZnFe 2 O 4 /solution. The EIS spectra are plotted at the open circuit potential (OCP = ?0.286 V) both in the dark and under illumination. The spectrum exhibits two arcs (Fig. 11) which deviate from an ideal capacitive behavior, thus revealing an apparent constant phase element (CPE):
where Q is a frequency independent constant, j the imaginary number (j 2 = -1), x the angular frequency and k the homogeneity factor. Indeed, the centers of the semicircles are localized below the abscissa axis (b 1 and b 2 , Table 2 ), indicating a dipolar nature of the spinel with multi relaxation processes and where the electron hopping occurs with a low-potential barrier. The slight offset near the origin is due to the electrolyte resistance R el (*10 X cm 2 ) and remains nearly unchanged under light. As expected for a semi-conducting material, the diameter of the first semicircle (bulk contribution) decreases under light. The illumination increases the ability of dipoles to align along the junction electric field which raises the effective length of dipole ( Table 2) frequencies clearly shows that the process is under kinetic control. The electrical circuit parameters, determined from the experimental data, are given in Fig. 11 (inset) while the EIS parameters are gathered in Table 2 . The minimum angular frequency (v min ) permits the determination of the lifetime of electrons (s) which increases by a factor of 10 under illumination (Table 2) giving the electrons a higher probability to reach to interface, thus contributing efficiently to the chromate reduction.
Conclusion
This work deals with the development of semiconductors configuration for photocatalytic applications. ZnFe 2 O 4 has a conduction band of cationic character with a high reducing ability and acts as photo electrons collector. For this purpose, d-type configuration may be used and we successfully prepared the spinel by nitrate route with nanocrystallite sizes. ZnFe 2 O 4 is chemically stable, safe and low cost. The transport properties reveal p-type conductivity with a small polaron hopping. The optical and photo-electrochemical characteristics allow building the energetic diagram which predicts the electron injection into TiO 2 . The best configuration is obtained with 75 % of ZnFe 2 O 4 which favors the charges separation and enhances the photo activity. The reduction obeys to a first-order kinetic with a half-life of 70 min. The bulk resistance R b of the spinel decreases under illumination while the higher resistance of the grain boundaries indicates an increase of the barrier potential. The photoelectrons generated in ZnFe 2 O 4 are injected to TiO 2 and subsequently transferred to Cr(VI) which is reduced to trivalent state. The saturation over illumination time is due to the competitive water reduction which consumes half of the total photons flux. Fig. 12 The volume of evolved hydrogen in presence and in absence of chromate
